Abstract-We introduce two new designs for a spot displacement device (SDD) to be used in a White cell-based binary optical crossconnect system (OXC). We described in detail the implementation of an SDD based on a lens train configuration and a roof prism SDD. We discuss the aberrations associated with each design. We also show simulations for an eight-output OXC binary system using one of these designs.
system will increase in complexity as the number of ports increases. To the best of the authors' knowledge, no systems have been implemented using a digital MEMS in 3-D architectures. This proposed combination may have the advantage of simplifying the control system while conserving a higher number of ports.
We have proposed previously in [20] and [21] a new approach to the OXC problem. Our architecture is a free-space 3-D while still using digital MEMS. Our system is based on the optical White cell [22] , [23] , which consists of three spherical mirrors among which light can circulate. On each pass, the beams inside the White cell are refocused on one of the mirrors in a unique spot pattern. We substitute this mirror with an MEMS, so that the focused beams can land on individual micromirrors, giving us the flexibility to switch a beam to a new destination on each pass.
The system presented in this paper switches the beam to a new output by means of a device that we call "spot displacement device" (SDD). Here, we present new designs for an SDD where we have reduced the aberrations. Each design is evaluated in terms of aberrations where the SDDs are configured to provide displacements of 500 and 2000 µm. From this evaluation, we will use the design with the lowest abberations and simulate an 1 × 8 OXC system. The evaluation of the SDD will also help us to estimate the scalability of our system with the proposed design.
In Section II, we will briefly mention the basic characteristics of the binary White cell OXC configuration. In Section III, we will discuss a previously proposed design and introduce two new designs for the SDD. We will analyze the propagation of a Gaussian beam through the new designs and detect limits in propagations and tolerances for different misalignments. In Section IV, we will present the simulations of each of our designs for two different displacements (i.e., 500 and 2000 µm). These simulations will help us to evaluate the aberration performance of each of the designs. The design with the best performance is then simulated in a binary OXC system in Section V. We will simulate an eight-ouput binary OXC system and present the results in terms of aberrations for each one of the outputs. Finally, in Section VI, we will present the summary and conclusions of our work.
II. BINARY WHITE CELL OXC
Our proposal is a new architecture in which we can create spot shifts using a White cell with a two-state (or three-state MEMS), using what we called an SDD. In this section, we will briefly mention the binary White cell and the role of the SDD, but in the interest of providing a wider background, we refer the reader to [20] , [21] , and [24] .
Previously, we have reported the OXC system, shown in Fig. 1 , based on the White cell. Our goal is to perform optical switching, which we will do by allowing several input beams to be switched between two different White cells. One White cell maintains the beams spots in their current row (null displacement), whereas the second White cell redirects the beam to a new row (output). The null cell is formed in Fig. 1 by the mirrors A and B, the MEMS, and auxiliary mirror I. The second White cell, formed by the mirrors E and F, the MEMS, and the SDD, will change each beam to a different row. The switching between the White cell is done via the MEMS.
The SDD shifts the beams down to a specific distance. The shifting of spots will eventually result in beams leaving the device at different locations. The number of pixels by which a beams is shifted will be different for each SDD column. That is, each SDD will shift the beam by a distance equal to twice that of the shift produced by the previous column. One column will produce a shift of ∆, the next column a shift of 2∆, the next after a shift of 4∆, and so on, thus producing a binary system.
By shifting the spots, we can control the row at which any given beam reaches the output turning mirror, and we associate each row with a different output. The number of possible outputs is determined by the total number of possible shifts for a given number of bounces. In the design of Fig. 1 , a shift is made every time the beam goes to the SDD, but this can only happen once every four bounces. Thus, the number of outputs N is given by N binary = 2 m /4 , where m is the number of bounces.
It is important to mention that we will refer as "shift" to any change in position in the SDD and MEMS plane. This shift will be a multiple of the micromirrors pitch ∆. Therefore, the SDD will cause a shift of ∆, 2∆, 4∆, etc. We make this distinction to clarify the shift caused by the SDD and the MEMS pitch. For a better understanding of how the SDD causes the shift of a beam in the binary White cell, we reproduce an example shown previously in [21] . For sake of argument, let us assume that we need to send the "white" beam to the fifth output. Therefore, we will need to send the "white" beam to the SDD two times to cause a shift of 4∆ and ∆ on the beam position. The "white" beam starts bouncing in the AB White cell (null cell) until the second one when the beam is sent to the SDD. Then the "white" beam goes through the SDD, which for that particular column has a value of 4∆. After this SDD, the beam is sent back to the MEMS on the fourth row instead of the zeroth row. We then keep bouncing the "white" beam in the AB White cell, until the tenth bounce, when we again send the beam to the SDD. This time, however, the SDD causes a shift of ∆, and so, after this second SDD, the beam is shifted an additional row. Therefore, the beam is now at the fifth row (output) where it remains by keeping bouncing in the null cell. In a similar way, we can send the "gray" beam to the second output and the "black" beam to the zeroth output (Fig. 2) .
III. SDD DESIGNS
In this paper, we describe new ways to produce the spot displacement to improve the SDDs that were developed before. We also discussed in this paper how the shifts were produced and what imaging conditions were required to achieve the necessary pitch displacement (∆) on the MEMS plane.
To provide enough clarification to the reader, we will include some of the original work developed in [21] and expand on the analysis of the tilted spherical mirror SDD, shown in Fig. 3 . Later, we will introduce two new designs. We will analyze these three designs in terms of misalignment tolerances and aberrations.
The first step to create the binary cross-connection device is to design an SDD. The basic function of the SDD is to cause a displacement in an incident beam. The SDD shifts the spot onto a new row on the MEMS plane. Depending on which bounce the beam is sent to the SDD, the beam will have a different displacement.
We have two main criteria for our SDD designs.
r Each column of the SDD must produce double the displacement of the previous one (1 for the first one).
r Beams in a specific column on the SDD cannot overlap with any adjacent column. Imaging conditions also need to be fulfilled. The study developed in [21] shows that we can design the SDD independently from the White cell. The SDD can change the position of the beam and still meet the imaging conditions of the White cell, as long as the beams at the input and output planes of the SDD have the same spot size and angle of propagation.
A. Spherical Mirror SDD
A simple approach to create the spot shift is described in detailed in [21] and summarized in the present section. This SDD called tilted spherical mirror SDD is shown in Fig. 3 and is based on the combination of a lens and a spherical mirror.
In the figure, d SDD is the distance between the lens and the tilted spherical mirror, φ is the tilted angle of the spherical mirror, f SDD is the focal length of the spherical mirror, and f l is the focal length of the lens. We will place the lens in the plane of auxiliary mirror II. The light travels through lens f 1 , translates a distance d SDD , is reflected by the spherical mirror of focal length f SDD , which is tilted φ radians, and goes back toward the spherical mirror E in Fig. 1 . This system can be described using paraxial Gaussian beam equations. The relationship of the beam parameters before (q 0 ) and after SDD (q 1 ) is given by
where A, B, C, and D are the elements of the ray transfer matrix of the system under study. The optical system consists of the microlens, the spherical mirror, and the translation between these two elements. From [21] , we know that this system generates a focus image of the input beam, that is
The question now is, "How tolerant is the system to misalignments on the output plane?" To estimate this tolerance, we will presuppose that the output is displaced a distance δ from its ideal value. This additional distance produces two effects. First, the beam size will increase due to the diffraction of the Gaussian beam, and second, the q 1 parameter at the output beam will not be purely imaginary.
We measure how the change in distance δ affects the output Gaussian beam by comparing it against the input Gaussian beam. This change can be measured by the overlap integral η of the two beams. If the input and output beams are equal, then η = 1. The overlap integral between the input Gaussian wave function φ(x, y) and the output Gaussian function ψ(x, y) is given by
where
where φ(x, y) and ψ(x, y) are complex Gaussian beams with normalized amplitude. We assume that the wavefront of φ(x, y) has an infinite radius of curvature, and that the wavefront of ψ(x, y) has a finite radius of curvature R 1 . Solving (1) for the tilted spherical mirror SDD with a δ lateral displacement give us
and solving for R and w 1 , we get
Fig . 4 shows the overlap integral for different values of δ normalized to the spot size w 0 . It is seen that we have a 20% loss in the overlap integral when the longitudinal displacement δ has a value 30 times the spot size (for a 15-µm spot size, this value corresponds to a δ displacement of 450 µm). We are assuming λ = 1.55 µm. Thus, we can conclude that the losses are very forgiving of misalignments.
Furthermore, because the shift is caused only by the tilting angle of the spherical mirror, the ABCD matrix of the system remains the same regardless of the tilting angle. Therefore, the coupling efficiency graph shown in Fig. 4 is independent of the required shift ∆. This particular SDD has a very simple geometry and its design is somewhat similar to that of the White cell, in the sense that is takes free-space beams and refocuses them in the desired position by tilting a spherical mirror, which makes this SDD an appealing option to choose. We will see, however, in Section IV than the implementation of this SDD is more problematic than it seems.
B. Roof Prism SDD
A new design for an SDD is shown in Fig. 5 . In this approach, a series of microprisms are substituted for the SDDs in the binary White cell OXC. In front of these microprisms, an array of microlenses are used to reduce the divergence of the beams coming from the White cell. As the beams travel through the microprism, they are redirected to a new position where another set of microlenses are used to send the beams again to the White cell with the same characteristics (i.e., spot size, divergence) as they came in with.
The microlenses prevent the beams from overlapping to adjacent prisms while travelling through their corresponding SDD column by reducing the divergence of the beams. We can see in Fig. 6 that the light coming from the White cell is focused at the SDD input/output plane. The microlenses are placed at a distance d 0 after this plane. As the input and output microlenses are symmetrical, we expect to have the beam waist of the collimated beam w 1 at the middle point. This middle point is located at an optical path distance d 1 from the microlens. The input beam has a spot size w 0 . Each microlens has a diameter Φ and a radius of curvature R ml . The microprism has a refractive index n, which we will assume to be equal to that of the microlenses.
From Fig. 6 , we can reduce our problem of finding the microlens that transforms a Gaussian beam with beam waist radius w 0 at a distance d 0 in front of the lens to another with a waist w 1 at d 1 and back to the original beam (with a spot size w 1 ) through a symmetrical optical path. The optical system consists of the microlens, a translation through the prism space, and the second microlens. We solve (1) by separating the real and imaginary elements
At the beam waist, not only are the complex parameters q 0 and q 1 purely imaginary (i.e., the wavefront's radius of curvature is ∞), but for 1:1 magnification, we also require q 1 = q 0 . Therefore, the Gaussian transformation can be described by solving (7) and (8) for R ml and d 0 , shown in (9) and (10) at the bottom of the next page. Fig. 7 shows the possible values of d 0 and the focal length of the microlens (defined as f = R ml /(n − 1)) as a function of d 1 . We propose that the microprism and microlenses are made of polymethylmethacrylate (PMMA), which has a refractive index of n = 1.449624 at the rate of 1.55 µm. We chose PMMA because it is a polymer that has been tested successfully in the fabrication of interconnection structures, as a substrate for polymer optoelectronic devices and integrated waveguides [25] - [27] . We also assume that the light source has a spot size w 0 = 15 µm and a wavelength λ = 1.550 µm. In the graph, we can also see the point of intersection between distance d 0 and the focal length f , which represents a 4f imaging system. The value of d 1 is set at 0.2738 mm, and that of d 0 at 0.1889 mm for this specific case.
We will like to work with a 4f imaging system because of the symmetry that the system presents. Solving (7) and (8) to find the intersection point for a general system (i.e., the object is located at the focal length of the microlens) we get
There is a limit, however, in the extension of this imaging system. The limit is imposed by the diameter of the microlens. To have a clear aperture, we would like the microlens radius Φ/2 to be at least 2w(z) to capture 99.9% of the incoming light, where w(z) is the spot size radius of the beam at the microlens position. Assuming the Gaussian beam propagation described in [28] , the limit in d 0 is set as
Another question to answer is what is the effect of any change in the distance d 1 from its ideal value. We will now investigate the consequences of a change of the distance between the two lenses in a 4f imaging system. As in the spherical mirror SDD case, the additional distance between the two curved surfaces in the microprism will produce a larger beam with a finite radius of curvature.
Let us consider a distance 2d 1 = 2f + δ between the two lenses. We will also require w 1 = w 0 . Using ray matrices and replacing 2d 1 by 2f + δ, the ABCD matrix for the 4f system gives
Equation (2) becomes Substituting (14) into (15) and using z r = πw 2 0 /λ, we obtain Fig. 8 shows the overlap integral for the longitudinal displacement δ for three different shifts (∆, 2∆, and 8∆). The graph is normalized to the spot size w 0 . For the particular values of δ shown in the figure, the points where we get a 20% loss in the overlap integral are δ/w 0 = 2.6235, δ/w 0 = 0.9847, and δ/w 0 = 0.2872 (which correspond to values of δ 1 = 0.03935 mm, δ 2 = 0.01477 mm, and δ 3 = 0.00431 mm for w 0 = 15 µm) for ∆, 2∆, and 8∆, respectively. We are assuming n = 1.449624, z r = 0.4560 mm, and λ = 1.55 µm, which corresponds to a Gaussian beam with the characteristics mentioned for Fig. 7 . Thus, the misalignment losses increases with the required shift. It is important to note that any error in the distance d 1 will cause a change in the radius of curvature of the wavefront, and not in the spot size. To have a proper imaging system, however, it would be necessary to have the correct radius of curvature at the imaging planes.
Tighter tolerances are found when we analyze the transverse offset, however. This offset occurs when the input beam in not completely on the optical axis. For this case, the input Gaussian beam is described by
The overlap integral using (2) shows how the coupling efficiency decreases with increasing transverse offset between the two Gaussian beams (we are assuming that there is no longitudinal displacement, and so the graph is independent of the shift). A 20% overlap integral loss is caused for an offset of only 0.4724 w 0 , which corresponds to only 7.086 µm for w 0 = 15 µm. The effects of the transverse offset can be seen in Fig. 9 . This tolerance is important because it will indicate how far off the SDD can be from the optical axis.
C. Lens Trains SDD
The last design that we will discuss is based on a modified optical waveguide built with lenses, Fig. 10(a) . In the figure, we show a set of identical lenses of focal length f separated by a distance d. From [29] , we know that this system is stable when the distance between lenses does not exceed four times the focal length of the lenses.
We want to take advantage of this stability; so, we can propagate a beam through long distances and, therefore, have longer displacements on the MEMS plane. In Fig. 10(b) , we show how we divide the lens waveguide in two planes. In the upper plane, we have placed a flat mirror, while in the lower plane is a series of spherical mirrors. Light will bounce between the spherical mirrors the same way it travelled through the lenses. The optical path d lt in Fig. 10(b) between the spherical mirrors and the flat mirror has to be less than R lt , where R lt is the radius of curvature of the spherical mirror that is defined as f lt = R lt /2 to fulfill the stability condition. We can also see from Fig. 10(b) that the input/ouput plane has a prism-shaped entrance/exit. The prism-shaped entrance deflects the incoming light to the first spherical mirror on the device, while the prism-shaped exit returns the beam to the White cell with the equal and opposite angle as it went in with (to mimic a physical mirror). This causes the light to be displaced in an orthogonal plane while being confined by the spherical mirrors. This propagation will represent, eventually, the desired displacement on the MEMS plane.
The distance d lt will be limited by the divergence of the beam. To calculate the maximum distance d lt , we have to consider the spot size at the spherical mirrors on the SDD. The distance d lt in Fig. 10 (b) will be the distance in which the size of the beam at the input plane on the spherical mirror SDD doubles. This distance was established already in [21] and the shift after each reflection inside the SDD can then be calculated as
where θ is the angle of the input beam with respect to the normal of the spherical mirror as shown in Fig. 10(b) .
In case we need a bigger shift, instead of modifying θ or d lt as in the design described in Section III-B, it is only necessary to repeat this structure (that we call "unit cell") as many times as needed until the required shift is reached. Fig. 11 shows an SDD lens train device for a 2∆ displacement, which is build up by two equal structures. Similar to the SDD of Section III-B, we can define each structure as a 4f imaging system; the problem is then reduced to analyzing consecutive 4f imaging systems.
We will use again the overlap integral to measure the effect of the offset δ and compare the results of this section to the ones obtained in Section III-B. Substituting d lt = 2(f + δ) in the ABCD matrix for this 4f system and substituting this result into (1), we obtain
Solving for R 1 and w 2 1 , which are the radius of curvature of the Gaussian beam and the spot size defined in [28] , and using (19) Substituting (20) and (21), the overlap integral described in (2) becomes
where k = 2π/λ. Fig. 12 shows the effect for a longitudinal displacement in the coupling efficiency for three different shifts (∆, 2∆, and 8∆). The overlap integral varies depending on the required shift. For the particular values of ∆ shown in the figure, the points where we get a 20% loss in the overlap integral are δ/w 0 = 5.1534, δ/w 0 = 2.4705, and δ/w o = 1.7255 (which correspond to a value of δ 1 = 0.0773 mm, δ 2 = 0.03706 mm, and δ 3 = 0.02588 mm for w 0 = 15 µm) for ∆, 2∆, and 8∆, respectively. We can appreciate that the tolerances became tighter as we increase the number of unit cells. We can conclude that even though the lens train SDD allows for a simple way to increase the amount of possible shifts, the longitudinal offset tolerances will become more important. It may be possible to have a single unit cell and, instead of repeating the structure, we can modify the angle θ and distance d lt ; but in that case, it will be important to study the effects these changes may have on aberrations.
IV. SIMULATIONS
In this section, we will evaluate the performance of the different SDD designs discussed in Section III. We will compare the presence of aberrations (mainly astigmatism and spherical aberrations) for two different shifts, 500 and 2000 µm, that represent a shift of 2∆ and 8∆ (assuming a pitch ∆ = 250 µm), respectively. This difference in shift distance will help us to evaluate whether there is any dependence of the aberrations on the shift distance, and also it will help to determine which designs are better suited for short and long shift distances.
The following simulations are done in OSLO ray analysis simulation software. The objective is to identify if there is any relation between the amount of displacement caused by the different SDD systems and the aberrations presented.
It is common to represent the effects of aberrations in a graphical representation. There are a number of graphical techniques for representing them. One of the most common representations used is the ray-intercept curve, which represents image-space displacement as a function of object-space fractional coordinates [30] , [31] . The shape of the ray-intercept curve indicates not only the amount of aberration but also the specific kind of aberrations that are present in the system. The ordinate for each curve is the height at which the ray-intersects the (paraxial) image plane and the abscissa represent fractions of the aperture plane. Each aberration has a specific ray-trace curve (e.g., coma: parabolid; spherical aberration: cubic curve with a flat near the origin). In case of a perfect-image system, the ray-trace curve is a flat line along the abscissa [32] .
Another common graphic representation for astigmatism is the field-trace curve, where a set of principal rays at different object heights are traced. This generates two curves around the paraxial image plane; these curves are the sagittal and tangential image planes. The difference between the tangential and sagittal curves is the astigmatism of the system. If both curves overlap, then no astigmatism is present. The horizontal axis is the distance along the optical axis where the sagittal and tangential images are measured in milimeters and the vertical axis is the fraction of the object plane size [32] .
The graphs shown in this section are all divided into three parts. Part 1 is found at the top of each figure. It represents the ray-trace curves for the system. The ray-trace curves are arranged in pairs to show the aberrations for meridional rays (on the left) as well as tangential rays (on the right). Part 2 is found at the middle section of each figure. This graph is the field trace of the system and is used to calculate the astigmatism presented. Two curves representing the tangential and sagittal image positions are shown, where the astigmatism is the distance between these two curves. Finally, part 3 is found at the bottom of each figure. Here, we show a diagram of the system that is being analyzed. For simplicity, we will only label Fig. 13 ; the remaining figures contain the same parts and only appropriate changes for each system are made.
Based on these results in Section V, we will take the SDD design with the best performance and simulate an eight-output binary White cell OXC. These simulations will help us to evaluate the beam quality at the output plane, and the accumulated aberrations through the system. We assume a wavelength λ = 1.55 and beam spot size w 0 = 15 µm. All SDD designs are assumed to be made in PMMA(n = 1.449624), and all field lenses are assumed to be made of BK7 glass.
A. Tilted Spherical Mirror SDD
The first design to be simulated is the tilted spherical mirror SDD shown in Fig. 3. Fig. 13 shows the simulation results that correspond to the tilted spherical mirror SDD for a shift displacement of 2∆ (i.e., equivalent to 500 µm for ∆ = 250 µm). In the bottom part of the figure, we can see the layout for this particular SDD; there are two microlenses, each with a 250-µm diameter. Each microlens is a plano convex lens with 1.627-mm radius of curvature and 0.1-mm thickness. The distance from the microlens to the spherical tilted mirror is 3.1746 mm, and the radius of curvature of the spherical mirror is also 3.1746 mm. To cause this particular shift, the tilt angle of the spherical mirror is calculated by OSLO and set at 4.4311
• . From the ray-intercept curves on the top of the figure, we can appreciate that the main aberration present is astigmatism, which is expected because the light goes through the center of the microlenses but is incident on the spherical mirror at an angle. The astigmatism for this particular setup is measured as 0.03927 mm.
We now present the simulations for the same SDD design but for a shift displacement of 8∆ (i.e., equivalent to 2000 µm for a pitch of ∆ = 250 µm). The system is shown in Fig. 14 ; the optical elements and distance between the lenses and the spherical mirror is the same as the one of Fig. 13 , and only the tilted angle of the spherical mirror changes. As in the previous case, the main aberration observed is astigmatism. The titled angle of the spherical mirror is set for this shift at 15.997
• . The consequence of the increase in the tilted angle is reflected as an increase in astigmatism, which for the present case is measured at 0.840 mm, compared to 0.03927 mm for 2∆. It can also be Part 1 of the system shows that the main aberration is astigmatism; from the change in scale of the ordinate axis, we can see that the astigmatism has increased from the 2∆ case. This is corroborated in part 2 of the figure where astigmatism is measured as 0.84 mm. In part 3, we can see that the rays are focusing before the second microlens field.
seen, from part 3 on the figure, that the beams are not focusing on the second microlens. The reason for this is that, as we rotate the spherical mirror, the image plane, (that is located 3.1746 mm away from the spherical mirror) also rotates describing a circle (with its center at the middle point of the spherical mirror). To correct this curved image plane, it would be necessary to include additional optical element(s). We did not detect this in the design of Section III-A because we were working in the paraxial regime, which is no longer valid for the tilted angle values used in the current simulation.
B. Roof Prism SDD
We now evaluate the roof prism SDD for a shift displacement of 500 µm (2∆) using OSLO. The roof prism SDD was shown in Fig. 6 . We are assuming that the roof prism is made of PMMA with a 15-µm-radius spot size at the image plane of input/output plane. From Section III-B, we calculate the distance between the curved surface of the microlens and the input plane as 0.4402 mm from the same image plane, the thickness of the microlens as 0.263075 mm, and the radius of curvature of the microlens as 0.1979 mm. Fig. 15 . Ray-lens intercept curves and field-trace curve for roof prism SDD using aspheric lenses. Part 1 of the figure shows that the main aberration; is spherical aberration; the ordinate axis scale of 0.0005 mm indicates to us that this aberration can be ignored. The overlapping of the sagittal and tangential curves in part 2 indicates that the contribution of astigmatism is minimal and can also be ignored. This reduction in aberrations is due to the use of aspheric microlenses in the SDD design.
The astigmatism and spherical aberrations can be reduced using an aspheric microlens at the input and output of our roof prism SDD. Fig. 15 shows the ray-intercept curves and field plots for the roof prism SDD using aspheric lenses with a conic constant of −1.22. In the ray-intercept curves, we can see that astigmatism has been almost eliminated and that the main remaining aberration is spherical aberration. It is important, however, to note that the amount of spherical aberration is very small.
We now evaluate the system that causes a shift displacement of 2000 µm (8∆). The layout of the SDD and the ray-trace analysis curves are shown in Fig. 16 . To have the desired shift, it is necessary to change the radius of curvature and distance from the input/ouput plane to the curved surface of the microlens. We use the formulas described in Section III-B to make the appropriate changes. The distance from the plane of input/output plane to the curved surface of the microlens is now set at 0.9575 mm, and the radius of curvature of the microlens is set for this case at 0.4305 mm. As in the previous case, we use aspheric surfaces to reduce the astigmatism and spherical aberration of the system. For this case, the conic constant is set at −1.22. From the ray- Fig. 16 . Ray-lens intercept curves and field-trace curve for an 8∆ roof prism SDD using aspheric lenses. We can see that a displacement of 8∆ has a minimal increase in the contribution of spherical aberration and astigmatism. The aspheric microlenses prove to be very helpful in reducing the presence of aberrations even for increased displacements.
trace curves, we can appreciate that the effect of astigmatism is minimal, and that the only aberration present is a minimum amount of spherical aberration.
Even though a significant increase in the shift displacement has been made, the change in the quantity and quality of the exhibited aberrations is minimal in this SDD design. The only drawback is that different optical elements have to be designed for different shift displacements and that the position of each SDD column with respect to the plane of input/output plane has also to be different, which may difficult the alignment.
C. Lens Train SDD
As in the case of the tilted spherical mirror SDD and the roof prism SDD, we simulate a lens train SDD for a 500-and a 2000-µm shift using OSLO. The design of the lens train SDD is shown in Fig. 10(b) . We are assuming a 15-µm-radius spot size at the image plane of input/output plane, the curve surface of the micromirror is placed 1.599 mm from the same image plane, and the radius of curvature of each of the spherical mirrors is 3.253032 mm. We are assuming that the lens trains are also made of PMMA.
The ray-intercept curves, the field-plot curves, and a diagram of the lens train SDD for the 500-and 2000-µm shift cases In both cases, we can see, from the ray-intercept curves of part 1, that the main aberration is astigmatism, which when measured, from the field-trace curves of part 2, is 0.07764 mm for 2∆ and 0.3119 mm for 8∆. This particular SDD design may be modified to produce shifts larger than 64∆.
are shown in Fig. 17(a) and (b) , respectively. The line-shaped ray-intercept curves (left column of Fig. 17 ) indicate that the main aberration of the system is only astigmatism. In the fieldplot curves, we can appreciate that the astigmatism remains constant along the object with an average value of 0.07764 and 0.3119 mm, respectively.
It is, therefore, fair to say that as the shift displacement caused by the lens train SDD increases, so will the aberrations produced by it. The advantage of the lens train over the roof prism SDD is that the lens train does not limit the possible shift displacement produced. This advantage will become relevant when large OXC (>64 outputs) devices have to be designed. For OXC devices with a small number of outputs, it will be sufficient to work with the roof prism SDD.
V. BINARY CELL SIMULATIONS
One conclusion we obtained from Section IV is that the roof prism SDD has the best performance of the SDD designs analyzed in terms of aberrations. Unfortunately, the roof prism SDD has a limit in the size of displacement it can produce. This limit is set specifically by the microlens diameter. Therefore, the roof prism SDD is the best choice until this limit is reached.
Beyond this limit, the lens train SDD is the most obvious choice. Unfortunately, the lens train SDD increases aberrations for larger displacements, and so it will be desirable to improve the lens train design to correct the aberration or at least minimize them.
In the current section, we will present an OSLO simulation for a binary cell that uses roof prism SDD as the shifting device. We design three different roof prism SDD to cause a spot shift of ∆, 2∆, and 4∆. The simulated binary OXC system is a 12-bounce system necessary to allow for eight possible outputs. We will present the bounce pattern and ray analysis curves for the cases when a beam goes to the zeroth output and when it goes to the fifth output. We will also present the accumulated astigmatism for the seven possible outputs. This will help us to evaluate the effects that the SDD has on the beam quality in terms of aberrations.
Before we start our simulation, we show in Table I the values of d 0 , d 1 , and R for the different roof prism SDD used in the simulations. As in Sections III and IV we will assume that w 0 = 15 µm, ∆ = 250 µm, and λ = 1.55 µm, and that the roof prism is made of PMMA. For all cases, we are assuming that the microlenses have a thickness of 0.263075 mm, which is included in d 1 . Fig. 18 . Ray-trace curves for zeroth output, for the binary White cell OXC. The beams are bouncing exclusively in the null cell. The ray-trace curves of part 1 indicate that the main aberration is astigmatism: the fact that the beams are incident off-axis and at a particular angle on the field lens introduce a slight amount of coma. The presence of coma can be identified by the slight curve that can be seen in the ray-trace curves. From part 2 of the figure, we measure the astigmatism as 0.816735 mm.
We refer the reader back to Fig. 1 for the binary White cell OXC to be simulated. We will assume that the null cell is formed by a BK7 meniscus field lens with a 400-mm focal length and two 609.8-mm radius of curvature spherical mirrors. For both lateral wings, we will also assume that we are using 350-mm focal length BK7 meniscus lenses and 609.8-mm radius of curvature spherical mirrors. We are assuming a two-state MEMS with a tilting angle of ±10
• . We start our analysis with Fig. 18 , which represents the rayintercept curves when the beam bounces exclusively in the null cell. We expect this to be the best case of the binary system because there is no shifting of the beam by any SDD element. From part 1, we can see that the main aberration is still astigmatism, although the presence of coma has increased. In this case, the beams are sent to the SDD two times. This increases the astigmatism to 1.052497 mm.
From the ray-trace curves (part 1), we can see that the main aberration is astigmatism; there is a slight curvature in the graph, however, which represents coma that appears because the beams are incident off-axis on the field lens and at a tilted angle. The average astigmatism is measured at 0.816735 mm.
We now show in Fig. 19 the ray-trace analysis for a 5∆ shift. The process of how the beam is sent to the fifth outputs can be seen in the bounce pattern of the "white" beam in Fig. 2 . From the ray-trace curves, we can see that the main aberration is again astigmatism. It is interesting to see that the curves are quite similar to those presented in Fig. 18 for the zeroth output. This is a good indication that the aberrations remain similar even after the introduction of several structures like the SDD.
In Table II , we summarize the amount of astigmatism presented in the system for the eight different possible outputs. There is an important aspect to note in the results shown in the table: Not only the outputs 0, 1, 2, and 4 present a similar total astigmatism, but also the total astigmatism is lower than that for the rest of the outputs (i.e., outputs 3, 5, 6, and 7). The explanation of this is that the outputs 1, 2, and 4 need only one SDD element to shift the beam the required distance, while the outputs 3, 5, 6, and 7 require going through several SDD structures, thus increasing the aberrations. 
A. Aberration Effect in Coupling Losses
Aberrations are important because they can affect the coupling of the beam to an optical fiber. From our simulations we could see that the main aberration presented is astigmatism. The presence of astigmatism has been corroborated in other experiments [24] , [33] , [34] . To calculate the dependence of astigmatism on coupling, we use the OSLO fiber coupling feature. We assumed the fiber to be a single-mode fiber normally aligned to the focal point at the output plane of the White cell OXC. In general, if the astigmatism is less than the depth of focus, we can neglect it. For this system, the depth of focus is 3.2154 mm, compared to a worst-case astigmatism of 1.107353 mm. The criterion for an acceptable beam is ultimately dependent on the summation of all the optical aberrations being smaller than the depth of focus [24] . The OSLO results showed that the coupling losses are 1.73 ± 0.5 dB for the cases simulated. This result is close to the experimental value found for coupling a beam into a singlemode fiber after a White cell system in [20] . The major contributors, however, to the loss in the White cell OXC will come from nonperfect reflectivity of the MEMS micromirror, fiber alignment at the output plane, and alignments of the SDD device.
B. Scaling Up
There are limiting factors that affect the number of outputs in a binary White cell OXC. The number of bounces that can be performed on the White cell affects the loss due to the reflectivity of the MEMS micromirrors. In a parallel research where a White cell configuration have been used to cause optical truetime delays, we have experimentally measured a maximum loss of 4.4 dB after ten bounces when measured with an 818-IR Newport photodetector [33] . Different White cell configurations may provide a higher number of outputs with fewer bounces.
As the number of output increases, the aberrations introduced by the SDD may become a limiting factor. There may not be a single design that can be used for small displacements (i.e., lower than 32 ∆) as well as for long displacements. For example, by simple extrapolation from the data of Table II , we calculate that the aberrations introduced by the roof prism SDD will become critical after 64 outputs. Therefore, by using a binary configuration with a three-state MEMS and a roof prism SDD, it will be possible to get up to 64 different outputs with only 12 bounces, and we can jump to 128 outputs with a corrected lens trains SDD in 14 bounces.
VI. SUMMARY AND CONCLUSION
In the present paper, we have evaluated three different designs of an SDD to be used in a 3-D free-space OXC system using digital MEMS. The OXC system is based on the optical White cell in a binary configuration.
The results of the evaluation of these three different SDD designs are summarized in Table III . Here, we can see that the roof prism SDD has the better performance for a 2∆ shift and an 8∆ shift. However, we have to consider that the roof prism SDD is limited by the diameter of its microlens, and so to have longer displacements, it would be necessary to increase the size of the microlens. For small displacements, it will be sufficient to use the roof prism SDD; if longer displacements are needed (i.e., >128), it will be necessary to use the lens train SDD.
We use the roof prism SDD to simulate an 1 × 8 binary White cell OXC system. We found that the astigmatism of the system depends on the number of times a beam is sent to the SDD. From our simulations, we obtain a coupling loss of 1.73 ± 0.5 dB. The main loss contribution, however, at this scale will be the alignment of the SDD and the output fiber as well as the loss associated with the limited micromirror reflectivity. The roof prism SDD can be scaled up to 64 outputs (in 12 bounces). To produce higher output systems (i.e., 128 × 128), it will be necessary to include a corrected lens train SDD and increase the number of bounces in the system to 14.
